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The η-meson production in photon- and hadron-induced reactions, namely, γp→ pη, pi−p→ nη,
pp→ ppη, and pn→ pnη, are investigated in a combined analysis in order to learn about the relevant
production mechanisms and the possible role of nucleon resonances in these reactions. We consider
the nucleonic, mesonic, and nucleon resonance currents constructed within an effective Lagrangian
approach and compare the results with the available data for cross sections and spin asymmetries
for these reactions. We found that the reaction γp→ pη could be described well with the inclusion
of the well-established S11(1535), S11(1650), D13(1520), and D13(1700) resonances, in addition to
the mesonic current. Consideration of other well-established resonances in the same mass region,
including the spin-5/2 resonances, D15(1675) and F15(1680), does not further improve the results
qualitatively. For the reaction pi−p → nη, the P13(1720) resonance is found to be important for
reproducing the structure observed in the differential cross section data. Our model also improves
the description of the reaction NN → NNη to a large extent compared to the earlier results by
Nakayama et al. [Phys. Rev. C 68, 045201 (2003)]. For this reaction, we address two cases where
either the S11(1535) or theD13 dominates. Further improvement in the description of these reactions
and the difficulty to uniquely determine the nucleon resonance parameters in the present type of
analysis are discussed.
PACS numbers: 25.20.Lj, 13.60.Le, 13.75.Gx, 14.20.Gk
Keywords: Eta meson production, Photon-nucleon scattering, Pion-nucleon scattering, Nucleon-nucleon scat-
tering, Nucleon resonances
I. INTRODUCTION
One of the primary motivations for studying the pro-
duction of mesons off nucleons is to investigate the struc-
ture and the properties of nucleon resonances and, in the
case of heavy-meson productions, to learn about hadron
dynamics at short range. In particular, a clear under-
standing of the production mechanisms of mesons heav-
ier than the pion still requires further theoretical and
experimental investigation. Apart from pion produc-
tion, the majority of theoretical investigations of meson-
production processes are performed within phenomeno-
logical meson-exchange approaches. Such an approach
forces one to correlate as many independent processes as
possible within a single model if one wishes to extract
meaningful physics information. Indeed, this is the basic
motivation behind the coupled-channels approaches.
In this paper, we present the result of our investiga-
tion of η-meson production in both photon- and hadron-
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induced reactions, which include
γ +N → N + η,
π +N → N + η, (1)
N +N → N +N + η.
More specifically, we perform a combined analysis of the
reactions, γp→ pη, π−p→ nη, pp→ ppη, and pn→ pnη
based on an effective Lagrangian approach.
The amount of data available for η-meson production
is now considerable. In particular, in photoproduction
processes off protons, a new generation of high-precision
data is now available, not only for total and differen-
tial cross sections in a wide range of energies starting
from threshold [1, 2] but also for beam and target asym-
metries [3]. Taken in combination, these data sets offer
better opportunities for investigating the properties of
nucleon resonances. In particular, much more detailed
studies than in the past are possible now for resonances
that may perhaps couple strongly to Nη, but only weakly
to Nπ. In this respect, the recent data on the quasi-free
γn → nη process [4] have attracted much interest in η-
production processes in connection to the possible exis-
tence of a narrow (crypto-exotic) baryon resonance with
a mass near 1.68 GeV, which is still under debate [5].
(See also Refs. 6–8.)
2There are a large number of theoretical investigations
of η photoproduction, mostly from the early 1990s to the
present [9] and, especially, off protons. Most of them fo-
cus on the role of nucleon resonances and the extraction
of the corresponding resonance parameters, but a vari-
ety of issues have also been addressed, such as the NNη
coupling constant [10], the UA(1) anomaly [11], and the
extended chiral symmetry [12]. Among the more recent
calculations that analyze the recent high-precision data
are those of Refs. 13–15. The η-MAID approach [13]
is an isobar model that includes, in addition to the t-
channel vector-meson exchange or its Reggeized version,
a set of well-established spin-1/2, -3/2, and -5/2 reso-
nances. This model has been applied to the analyses of
data for photoproduction as well as for electroproduction
of the η meson. The Bonn-Gatchina-Giessen group [14]
has developed a model which has been employed in a
combined partial wave analysis of the photoproduction
data with Nπ, Nη, ΛK, and ΣK final states. This model
considers fourteen nucleon resonances and seven Delta
resonances for achieving a reasonable overall agreement
with the whole database considered in their analysis.1
He, Saghai, and Li have analyzed the η-photoproduction
reaction in a chiral constituent quark model [15] by con-
sidering all of the one- to four-star-rated resonances listed
in the Review of Particle Data Group (PDG) [16].
In hadronic reactions, a noticeable amount of data
for NN → NNη has been accumulated [17–21]. Here,
we have pp and pη invariant mass distributions and the
analyzing power near threshold, in addition to differen-
tial and total cross sections. The NN → NNη process
is particularly relevant for studying the role of the Nη
final-state interaction (FSI). Most of the existing calcu-
lations (see, e.g., Refs. 22, 23 and references therein; see
also Ref. 24) take into account the effects of the NN
FSI in one way or another, which is well-known to in-
fluence the energy dependence of the cross section near
threshold. Calculations that include the Nη FSI to low-
est order [25] reproduce the bulk of the energy depen-
dence exhibited by the data. However, they are not suf-
ficient to reproduce the pp invariant mass distribution
measured by the COSY-TOF [18] and COSY-11 Collab-
orations [19]. Thus, in order to explain the observed pp
invariant mass distribution, the importance of the three-
body nature of the final state (in the S-wave) has been
emphasized [26] or an extra energy dependence in the
basic production amplitude has been suggested [27]. In
spite of this, another possibility has been offered, which
is based on the higher partial wave (P -wave) contribu-
tion [28]. We observe that what is actually required to
reproduce the measured pp invariant mass distribution
is an extra p′2 dependence, where p′ denotes the rela-
tive momentum of the final pp subsystem. Obviously,
1 The ∆ resonances do not couple to the Nη and the ΛK channels
because of isospin conservation.
this can be achieved either by an S-wave or by a P -wave
contribution. Note that the NN P -wave (3P0) can also
yield a flat proton angular distribution, as observed in
the corresponding data. The model of Ref. 28, however,
underpredicts the measured total cross near threshold to
a large extent. One of the objectives of the present study
is to resolve this discrepancy. In any case, as pointed
out in Ref. 28, the measurements of the spin-correlation
functions should help settle the question of the S-wave
versus the P -wave contributions in a model-independent
way.
Most data for the more basic (two-body) πN → Nη
reaction have been obtained in the 1960s through 1970s;
they are rather scarce and less accurate [29] than the
data for the other two reactions mentioned above. Re-
cently, the Crystal Ball Collaboration has measured the
differential and the total cross sections of this reaction
near threshold [30]. Theoretically, this reaction has
been studied mostly in conjunction with other reactions
in a combined analysis [31] or in coupled-channels ap-
proaches [32–36] in order to constrain some of the model
parameters. Recently, Zhong et al. [37] extended the
chiral constituent quark model for meson photoproduc-
tion [15] to this reaction. Also, πN → Nη has been
studied within a heavy-baryon chiral perturbation theory
[39]. Arndt et al. [40] investigated the role of πN → Nη
on the Nη scattering length within a coupled-channels
analysis of this reaction and elastic πN scattering.
In the present work, we consider the three reactions
mentioned above in the following manner: The photo-
production reaction is calculated by considering the s-,
u- and t-channel Feynman diagrams plus a generalized
contact term [41], which ensures gauge invariance of the
total amplitude, in addition to accounting for the final-
state interaction effects. (See Ref. 42 for details.) The
πN → Nη reaction is calculated in the tree-level ap-
proximation, including the s-, u-, and t-channels. To the
extent that this reaction is dominated by the excitation
of the S11(1535) resonance at least for energies close to
the threshold, this should be a reasonable approximation
if we confine ourselves to energies not too far from the
threshold. The NN → NNη process is calculated in
the distorted-wave Born approximation (DWBA), where
both the NN FSI and the initial-state interaction (ISI)
are taken into account explicitly [22]. The NN FSI is
known to be responsible for the dominant energy depen-
dence observed in the total cross section (apart from the
dependence due to the phase space) arising from the very
strong interaction in the S-wave states at very low ener-
gies [43]. As for the basic meson-production amplitude,
our model includes the nucleonic, mesonic, and nucleon
resonance currents, which are derived from the relevant
effective Lagrangians.
Ultimately, our goal is to perform a more complete
model calculation in which the relevant FSIs are taken
into account explicitly. However, before being able to
undertake a complex calculation that couples many chan-
nels, we need to learn some of the basic features of me-
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FIG. 1: Feynman diagrams contributing to γp → pη. Time
proceeds from right to left. The wavy, solid, and dashed lines
represent the photon, the nucleon, and the η meson, respec-
tively. The intermediate baryon states are denoted by N and
R for the nucleon and the nucleon resonances, respectively.
The intermediate mesons in the t-channel include the ρ and
the ω. The external legs are labeled by the four-momenta
of the respective particles, and the labels s, u, and t of the
hadronic vertices correspond to the off-shell Mandelstam vari-
ables of the respective intermediate particles. The top-right
diagram is the generalized contact current.
son production (in particular, those of η-meson produc-
tion) within a simplified model where these basic features
may be revealed and analyzed in a much easier man-
ner. In this regard, one of the major purposes of the
present investigation is to show that consideration of the
hadronic reactions NN → NNM , in conjunction with
more basic two-body reactions, would greatly help in the
study of nucleon resonances, especially, in imposing much
stricter constraints on the extracted resonance-nucleon-
meson (RNM) coupling strength involving a meson M
other than the pion. In fact, currently, our knowledge of
the branching ratios of the majority of the known reso-
nances is very limited [16].
This paper is organized as follows. In the next section,
we briefly describe our model for the reactions listed in
Eq. (1). The results of the corresponding model calcula-
tions are presented and discussed in Sec. III. Section IV
contains a summary and a conclusion. Some details of
the present model are given in the Appendix.
II. REACTION MECHANISMS
In the present work, the η-meson production pro-
cesses are treated within a relativistic meson-exchange
approach, whose dynamical contents are summarized by
the Feynman diagrams displayed in Figs. 1, 2, and 3 for
the reactions γN → Nη, πN → Nη, and NN → NNη,
respectively. We employ phenomenological form factors
at hadronic vertices to account for the structures of the
corresponding hadrons.
For the photoproduction process, the total amplitude
in the present work is given by the Feynman diagrams
displayed in Fig. 1. In these Feynman diagrams, the
three diagrams in the lower part are transverse individu-
ally while the three diagrams in the upper part are not.
Gauge invariance of the total amplitude is ensured by
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FIG. 2: Feynman diagrams contributing to pi−p → nη. The
notation is the same as in Fig. 1.
the generalized contact current given in Refs. 41 and 42,
which follows the general formalism of Refs. 44–46. This
contact term provides a rough phenomenological descrip-
tion of the FSI and is not treated explicitly here [42].
The details of the present approach are fully described
in Ref. 41, where η′-meson production in photon- and
hadron-induced reactions was investigated, and they will
not be repeated here. One new feature in the present
work, however, is the inclusion of spin-5/2 resonance con-
tributions. For our discussion, we refer the nucleonic
current (NUC) to the diagrams shown in the top line of
Fig. 1. The meson-exchange current (MEC) and the res-
onance current contributions correspond to the leftmost
diagram and the two diagrams on the right of the bottom
line of Fig. 1, respectively.
As mentioned in Sec. I, the reaction πN → Nη is
calculated within the tree-level approximation. To the
extent that it is dominated by the S11(1535) resonance
contribution, this is a reasonable approximation, at least
near threshold. The total amplitude for this reaction is,
therefore, given by the Feynman diagrams displayed in
Fig. 2. Here, the nucleonic current (NUC) corresponds
to the first two diagrams on the top line while the meson-
exchange current (MEC) and the resonance current con-
tributions correspond, respectively, to the rightmost dia-
gram on the top line and the two diagrams on the bottom
line in Fig. 2.
As for the NN → NNη reaction, the total amplitude
is calculated within the DWBA:
M = (TfGf + 1)J(1 +GiTi), (2)
where Ti(f) denote the NN ISI (FSI), Gi(f) stands for
the corresponding NN propagator, and J denotes the
basic production amplitude displayed in Fig. 3 and is con-
structed from the interaction Lagrangians given in Ap-
pendix. Further details of the present approach to this
reaction, including all the values of the coupling con-
stants and the cutoff parameters of the corresponding
form factors that enter in the definition of the basic pro-
duction amplitude J , can be found in Ref. 22. Also, we
use the NN interaction based on the Paris potential [47],
which includes the Coulomb interaction as well [48]. The
nucleonic, resonance, and meson-exchange contributions
correspond, respectively, to the first, second, and third
lines of the Feynman diagrams on the right-hand side in
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FIG. 3: Basic production amplitude for NN → NNη. The
full amplitude, including the NN ISI and FSI contributions,
is given by Eq. (2). As in Fig. 1, N and R denote the inter-
mediate nucleon and resonances, respectively, and M incorpo-
rates all exchanges of mesons pi, η, ρ, ω, σ, and a0 (former δ)
for the nucleon graphs and pi, η, ρ, and ω for the resonance
graphs. External legs are labeled by the four-momenta of the
respective particles as in Fig. 1. Diagrams with p1 ↔ p2 are
understood although not displayed here.
Fig. 3.
In the Appendix, we present all the hadronic and
electromagnetic interaction Lagrangians and propaga-
tors necessary for computing the diagrams displayed in
Figs. 1, 2, and 3 within the present approach. The phe-
nomenological form factors used in this model are also
given in the Appendix. The free parameters of our model
— the resonance parameters, the NNη coupling con-
stant, and the cutoff parameter Λ∗v at the electromag-
netic vector-meson exchange vertex — are fixed so as to
reproduce the available data in a global fitting procedure
of the three reaction processes listed in Eq. (1).
III. RESULTS AND DISCUSSION
In this section, we present and discuss the results of our
model calculation. The basic strategy of our approach is,
in principle, the same as that of Ref. 41; namely, we start
with the nucleon plus meson-exchange currents and add
resonance contributions one by one as needed in the fit-
ting procedure until achieving a reasonable description of
the available experimental data for the reactions listed in
Eq. (1). Apart from the dominant S11(1535) resonance,
we allow for other well-established resonances of spin-1/2,
-3/2, and -5/2 in this model. We confirm the earlier find-
ing [9] that, in photoproduction, in addition to spin-1/2
resonances, at least spin-3/2 resonances — in particu-
lar, D13 resonances — are needed in order to obtain a
reasonable description of the data.
Following Ref. 41, for each resonance, we take into
account only the branching ratios βNpi, βNη, and βNpipi
corresponding to the respective hadronic decay channels
R → Nπ, R → Nη, and R → Nππ. The latter accounts
effectively for all the other open decay channels. Note
that the branching ratios βNpi and βNη are related to
the corresponding RNπ and RNη coupling constants in
the interaction Lagrangians, and, as such, they are not
free parameters of the model. The same is true for the
branching ratio γNγ , associated with the radiative decay
channel, which is related to the corresponding RNγ cou-
pling constants. Then, in view of the constraint given by
Eq. (A.31), the branching ratio βNpipi is not a free pa-
rameter either. Here, we emphasize that, in contrast to
Ref. 41 — where some assumptions were made concern-
ing the values of the branching ratios βNpi — no such
assumptions are enforced in the present work because
the simultaneous consideration of the reaction processes
listed in Eq. (1) allows us, in principle, to extract the
RNπ and RNη coupling constants separately.
The coupling constants of the RNV (V = ρ, ω) in-
teraction Lagrangians are required in the calculation of
the NN → NNη reaction. Therefore, in principle, the
hadronic branching ratios involving vector mesons (such
as the ρ and the ω) should also be taken into account.
However, since we have restricted ourselves to nucleon
resonances for which the decay channels R → NV are
either closed or nearly closed, we have set the associ-
ated branching ratios to zero (βNV = 0).
2 Obviously, in
a more refined calculation, this condition should be re-
laxed. In a more complete (coupled-channels) dynamical
model approach, the branching ratios and total widths
will be generated by the model via the dressing mecha-
nism of the corresponding vertices and resonance masses.
The results shown here are not necessarily the best
fits achievable within the present approach. Rather, they
are sample fits that illustrate different dynamical features
that may be obtained in this type of analysis. The res-
onance parameters are obtained by global fitting to the
available data for the reactions mentioned above.
For this end, we consider four models. Although these
four models contain the same nucleonic and mesonic cur-
rents described in Figs. 1, 2, and 3, they include differ-
ent nucleon resonances and different resonance param-
eters. In model (A), we consider only the S11(1535),
S11(1650),D13(1520), andD13(1700) resonance currents.
Model (B) includes the same resonances as in model (A),
but the parameters of those resonances are different from
those of model (A). The parameters are obtained by us-
ing different starting values for the search in parameter
space during the global fit procedure. The implication
of the differences between these two models will be dis-
cussed later. In addition to the resonances considered in
model (A) and (B), model (C) includes the P13(1720) res-
onance. Finally, we consider model (D), which takes into
account the contributions from D15(1675), F15(1680),
and P11(1710) in addition to the resonances considered
in model (C). In the following, we present and discuss
2 Strictly speaking, even these resonances can have non-vanishing
branching ratios to NV channels due to their large widths.
5the results for each reaction.
A. γp→ pη
We first consider the model in which only the
S11(1535), S11(1650), D13(1520), and D13(1700) reso-
nance currents are considered in addition to the nucleonic
and the mesonic currents (cf. Fig. 1). We find that this
comprises the minimal set of resonances that are required
to achieve a reasonable description of the reaction pro-
cesses listed in Eq. (1). The resulting fitted parameters,
which are obtained by χ2 fitting to the experimental data
shown in Fig. 4 (however, not taking into account the to-
tal cross sections for γp→ pη) are given in Table I. Note
that for photoproduction, in addition to the electromag-
netic couplings, only the hadronic vertices involving the
η meson are required for the present calculation. In the
π−p→ nη reaction, only the hadronic vertices involving
η and π are needed while all the hadronic vertices given
in the Appendix are required for the calculation of the
NN → NNη reaction.
In Table I, the parameter values in boldface are fixed
and are not allowed to vary during the fitting procedure.
The pure pseudovector coupling choice (λ = 0) at the
NNη vertex was motivated by the massless chiral limit
of the η meson. (See the Appendix for the definition of
λ.)3 Also, the most general form of the RNV vertex
for spin-3/2 and -5/2 resonances involves three indepen-
dent coupling constants, as exhibited in Eqs. (A.8) and
(A.10). At present, however, information on the corre-
sponding coupling constants is extremely scarce, espe-
cially, on g
(3)
RNV defined in Eqs. (A.8) and (A.10). In the
present work, therefore, we allow only two structures at
those vertices by setting the coupling constant g
(3)
RNV to
zero.
In this work, we use the resonance masses from the cen-
troid values quoted in PDG [16]. The exceptions to this
are the masses of the S11(1535) and the S11(1650) reso-
nances. They were allowed to vary in the fitting process
in order to reproduce accurately the position of the large
cross-section peak exhibited by the photoproduction data
near the threshold. The quantities in the square brack-
ets in Table I are the range estimates quoted in PDG [16]
and are given here for an easy comparison with the fit-
ted values extracted in the present model. As one can
see, some parameter values are considerably outside the
range quoted in PDG. However, we note that, although
various parameters are highly correlated to each other,
the data used in the present study are not sufficient to
uniquely constrain the model parameters. As a result,
different parameter sets may provide fits of comparable
quality; some of them are discussed in this paper.
3 We will also consider the pseudoscalar coupling choice (λ = 1).
See the discussions in subsection III B.
Figure 4 displays the results for photoproduction ob-
servables corresponding to the parameter set of Table I.
The total cross section shown in Fig. 4(a) provides the
line styles used in all four parts. We start with the dis-
cussion of the η angular distribution shown in Fig. 4(b).
As one can see, the flat angular distribution near the
threshold is dominated by the S11 resonance. When the
photon incident energy (in the laboratory frame) Tγ is
larger than about 1.0 GeV, both the D13 resonance and
the mesonic currents become relevant for reproducing
the shape of the measured differential cross sections. As
the energy increases, the shape becomes more and more
forward-peaked, which is a well-known feature of the t-
channel mesonic current contribution. In the energy re-
gion of Tγ ≈ 1.1–2.0 GeV, some details of the measured
angular distribution are still not well explained, which
indicates that our model should be improved by using a
more refined and quantitative calculation. We leave such
an investigation to a future work. The nucleonic cur-
rent contribution is negligible because of the very small
coupling constant gNNη resulting from the fit, which is
preferred by the small angular distribution measured at
backward angles and higher energies. The nucleonic cur-
rent contributes mostly at backward angles and at high
energies through the u-channel diagram (cf. Fig. 1). We
will come back to this issue later in subsection III B.
Shown in Fig. 4(a) are the total cross sections for η
photoproduction obtained with the resonance parameters
given in Table I. Here, we mention that the total cross
section data for photoproduction were not included in
the global fitting process. As one can see, the large peak
that rises sharply from threshold is due to the dominating
S11(1535) and S11(1650) resonances. Although both the
D13 resonance and the mesonic currents are small, their
contribution beyondW ∼ 1.6 GeV cannot be ignored be-
cause of the interference with the large S11 current con-
tribution, a feature that has already been pointed out in
earlier works [9]. Around W = 2.0 GeV, all the reso-
nance and mesonic currents become comparable to each
other, but at higher energies, the mesonic current yields
the largest contribution, and the S11 resonance contribu-
tion becomes negligible, as expected from the relative low
mass. The structure shown by the data at W ∼ 2.2 GeV
seems to suggest possible contributions from other higher
mass resonances. Analyses of this structure and other de-
tails are left to a future work.
Figure 4 also shows the results for beam and target
asymmetries. We find that, by and large, the beam asym-
metry (Σ) and the target asymmetry (T ) are described
reasonably well.4 The most visible room for improve-
ment exists for the latter, in particular, at lower ener-
gies, where the data show a sin(2θη) dependence, while
4 Quite recently, the GRAAL Collaboration [49] re-analyzed the
beam asymmetry in γp → pη, revealing a sharp structure at
W ∼ 1.69 GeV for θη ∼ 43◦ − 103◦ and suggesting the presence
of a narrow resonance.
6TABLE I: Parameters of model (A) fitted to the reactions listed in Eq. (1). (See the Appendix for an explanation of the
parameters.) Values in boldface are not fitted. The branching ratios γNγ and βNj (j = pi, η, pipi) are not free parameters, but
are extracted from the corresponding coupling constants, except for βNpipi which is obtained from Eq. (A.31). The values in
square brackets are the range estimates quoted in PDG [16]. The data set for γp→ pη, pi−p→ nη, and NN → NNη was used
in the fit.
Nucleonic current:
(gNNη , λ) (0.007, 0.0)
Mesonic current:
Λ∗v (MeV) 1168
N11 current: S11(1535) PDG S11(1650) PDG
MR (MeV) 1540 [1525–1545] 1615 [1645–1670]
g
(1)
RNγ 0.81 0.52
(gRNpi , λ) (−0.67, 0.04) (−0.50, 0.77)
(gRNη , λ) (−2.61, 0.46) (0.98, 0.91)
(gRNω, fRNω) (38.52, −1.39) (86.78, 6.19)
(gRNρ, fRNρ) (−15.07, 2.67) (−39.01, 10.84)
ΓR (MeV) 200 [125–175] 144 [145–185]
γNγ (%) 0.31 [0.15–0.35] 0.24 [0.04–0.18]
βNpi (%) 32 [35–55] 27 [60–95]
βNη (%) 65 [45–60] 19 [3–10]
βNpipi (%) 2 [1–10] 54 [10–20]
N13 current: D13(1520) PDG D13(1700) PDG
MR (MeV) 1520 [1515–1525] 1700 [1650–1750]
(g
(1)
RNγ , g
(2)
RNγ) (1.22, −0.18) (0.21, −0.22)
gRNpi −1.96 0.58
gRNη −3.32 −2.40
(g
(1)
RNω, g
(2)
RNω , g
(3)
RNω) (−289.94, 242.59, 0.0) (341.79, −362.81, 0.0)
(g
(1)
RNρ, g
(2)
RNρ, g
(3)
RNρ) (54.58, 154.53, 0.0) (−1.61, 90.18, 0.0)
ΓR (MeV) 108 [100–125] 94 [50–150]
γNγ (%) 0.41 [0.46–0.56] 0.07 [0.01–0.05]
βNpi (%) 95 [55–65] 28 [5–15]
βNη (%) 0.03 [0.23 ± 0.04] 2 [0.0 ± 1.0]
βNpipi (%) 5 [40–50] 70 [85–95]
the model yields nearly flat and vanishing results. This
is a feature common to all the parameter sets and not
just to the particular parameter set of Table I. The dif-
ficulty in reproducing the target asymmetry is a known
feature from earlier works. (See, in particular, the work
of Tiator et al. [9].) Perhaps, the difficulty in reproducing
the target asymmetry may be understood if we write the
quantities in terms of the four amplitudes Fi(i = 1, ..., 4)
a la the CGLN decomposition [50, 51]
M = F1 ~σ ·~ǫ+ iF2~ǫ ·(kˆ× qˆ)+F3 ~σ · kˆqˆ ·~ǫ+F4 ~σ · qˆqˆ ·~ǫ. (3)
We then have
dσ
dΩ
Σ =
(|F2|2 − |F3|2 − |F4|2 − 2Re[(F1 + F3 cos θη)F ∗4 ])
× sin2 θη,
dσ
dΩ
T = 2Im [(−F2 + F3 + F4 cos θη)F ∗1
+(F3 + F4 cos θη)F
∗
4 sin
2 θη
]
sin θη,
dσ
dΩ
P = −2Im [(F2 + F3 + F4 cos θη)F ∗1
+(F3 + F4 cos θη)F
∗
4 sin
2 θη
]
sin θη, (4)
where the expression for the recoil polarization P is also
given. The above results reveal that, unlike the beam
asymmetry, the target asymmetry involves the imaginary
part of the product of amplitudes Fi. This means that
this observable is more sensitive to the effects of the final
state interaction, a feature that is not accounted for ex-
plicitly in the present type three-level calculations. Fur-
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FIG. 4: (Color online) Results for the reaction γp → pη in model (A), i.e., with the parameters of Table I. (a) Total cross
section as a function of the total energy of the systemW . The line styles identified here apply to all four parts of this figure. (b)
η angular distribution in the center-of-mass frame. (c) Beam asymmetry Σ and (d) target asymmetry T in the center-of-mass
frame. The numbers in (b, c, and d) are the incident photon laboratory energies Tγ in MeV. In (c and d), only the total results
are shown. The data are from Refs. 1 and 3.
thermore, it is also clear that the same difficulty should be present in describing the recoil polarization. In fact,
8this seems to be the case, as reported in Ref. 52.
We anticipate here that, in contrast to low energies,
the target asymmetry becomes sensitive to the dynamical
content of the model as the energy increases (cf. the
results in Figs. 4, 5, 6, and 7). Therefore, we expect
that this observable at higher energies will be useful in
imposing extra constraints on the model parameters.
Another parameter set resulting from the global fit,
employing the same set of nucleon resonances as in Ta-
ble I, is shown in Table II. This set [model (B)] was
obtained by using different starting values for the search
in parameter space during the fit procedure. As a result,
many parameter values of this set are quite different from
those of Table I not only in magnitude but also in rel-
ative signs for some coupling constants, which provides
an indication of the general reliability of such global fits.
The corresponding observables are shown in Fig. 5. Here,
although both the measured total and differential cross
sections are reproduced with a comparable fit quality to
the results in Fig. 4, the dynamical content is quite differ-
ent. In particular, the D13(1700) resonance contribution
dominates over the other currents in the energy region
of Tγ ≈ 1.05–1.5 GeV (i.e., W ≈ 1.7–1.9 GeV). It is in-
teresting to note that, searching for the pole positions of
the T -matrix in the complex plane, as well as performing
Breit–Wigner parameterizations of resonances, the recent
partial-wave analysis by Arndt et al. [53] of the π±p elas-
tic and charge-exchange processes, combined with the re-
action π−p → nη, finds no D13(1700) resonance. Also,
some of the coupled-channels dynamical models [34, 54]
find no necessity for this resonance to fit the πN phase
shifts. In this respect, the present results corresponding
to the parameter set of Table I, where the contribution
of the D13(1700) resonance is much smaller than that of
Table II, are more in line with these findings. It would be
most interesting to see if the inclusion of the γN chan-
nel in those coupled-channels analyses mentioned above
would require the D13(1700) resonance. Overall, the
spin observables in Fig. 5 exhibit the same features as
in Fig. 4, but for higher energies, the target asymme-
try shows very different angular dependences for the two
parameter sets, which points to the importance of spin
asymmetries in reducing the ambiguities that otherwise
would exist.
Table III [model (C)] displays a parameter set includ-
ing the P13(1720) resonance, in addition to those consid-
ered in the previous two sets. Here, we have considered
only the γp → pη and the π−p → nη reaction data in
the fitting procedure. The corresponding results for the
observables are shown in Fig. 6. As can be seen, the
inclusion of the P13(1720) resonance does not improve
significantly the description of the data for this photon-
induced reaction. However, as we will see in the following
subsection, this resonance considerably improves the fit
quality of the hadronic π−p→ nη reaction at higher en-
ergies.
Next, we extend our model by including all of the
well-established resonances in the mass region of 1500 ∼
1700 MeV in order to verify whether these resonances can
lead to a qualitatively superior description of the data
compared to the previous cases, where a more limited
set of resonances was considered. To this end, we con-
centrate only on the γp → pη reaction. Table IV shows
the parameter set, where the D15(1675) and F15(1680),
as well as the P11(1710), resonances are included, in ad-
dition to those considered in Table III. Here, following
Ref. 41, we treat the branching ratio βNpi as a free pa-
rameter to be fitted while the branching ratio βNη is
extracted from the product of the coupling constants
gRNηgRNγ in conjunction with the assumed branching
ratio γNγ for the radiative decay. The resulting observ-
ables with the parameter set of Table IV [model (D)]
are shown in Fig. 7. We see that the overall fit quality
does not change significantly from the fit qualities for the
previous sets. Here, the D13(1700) resonance gives the
largest contribution to the cross section in the energy
region of W = 1.7–2.0 GeV, a feature similar to that
already exhibited in Fig. 5.
B. NNη Coupling Constant
In the previous subsection, we have shown that the
present calculations yield very small values of the cou-
pling constant gNNη — compatible with zero — due to
the smallness of the measured cross sections at backward
angles where Tγ is large. As mentioned before, the η
angular distribution becomes very sensitive to gNNη at
these kinematics through the u-channel nucleonic current
contribution. However, one must be cautious in drawing
conclusions about the extracted value of gNNη from cal-
culations based on approaches such as the present one.
This is due to the fact that we cannot completely dis-
card the possibility of a relatively large nucleonic current
contribution interfering destructively with contributions
from resonances in order to yield the η angular distri-
butions observed at those kinematics. This point is il-
lustrated in Fig. 8, where the results for the η angular
distribution are shown, together with the data reported
by Crede´ et al. (CB/ELSA Collaboration) [1], at the
two highest energies. Figure 8(a) shows the results cor-
responding to the parameter set of Table IV, where the
nucleonic current contribution is practically zero5 and
cannot be seen in the figure. The corresponding nucleon
resonance contributions are also very small. The mesonic
current dictates to a large extent the behavior of the an-
gular distribution at forward angles. Figures 8(b) and
(c) display the results corresponding to two additional
parameter sets (not given here) with the same set of nu-
cleon resonances as in Table IV. Overall, the two pa-
rameter sets yield a fit quality comparable to that of
Fig. 7, but with very different resonance parameter val-
5 Note that the value of g
NNη
is 0.07 in Table IV.
9TABLE II: Another set of fitted parameters [model (B)]. See the caption of Table I for details.
Nucleonic current:
(gNNη , λ) (0.088, 0.0)
Mesonic current:
Λ∗v (MeV) 1202
N11 current: S11(1535) PDG S11(1650) PDG
MR (MeV) 1527 [1525–1545] 1625 [1645–1670]
g
(1)
RNγ −0.55 0.38
(gRNpi, λ) (0.43, 0.005) (−0.37, 0.84)
(gRNη, λ) (1.92, 0.44) (0.68, 0.86)
(gRNω, fRNω) (−3.86, 0.79) (8.81, −29.85)
(gRNρ, fRNρ) (29.18, 8.40) (4.09, 3.63)
ΓR (MeV) 99 [125–175] 162 [145–185]
γNγ (%) 0.27 [0.15–0.35] 0.12 [0.04–0.18]
βNpi (%) 26 [35–55] 13 [60–95]
βNη (%) 63 [45–60] 9 [3–10]
βNpipi (%) 10 [1–10] 78 [10–20]
N13 current: D13(1520) PDG D13(1700) PDG
MR (MeV) 1520 [1515–1525] 1700 [1650–1750]
(g
(1)
RNγ , g
(2)
RNγ) (−0.025, −2.51) (0.59, −0.25)
gRNpi 1.96 0.003
gRNη 2.81 −7.17
(g
(1)
RNω, g
(2)
RNω, g
(3)
RNω) (−34.75, 2.91, 0.0) (−10.55, 14.65, 0.0)
(g
(1)
RNρ, g
(2)
RNρ, g
(3)
RNρ) (−29.66, 24.37, 0.0) (−6.33, −2.39, 0.0)
ΓR (MeV) 109 [100–125] 119 [50–150]
γNγ (%) 0.70 [0.46–0.56] 0.24 [0.01–0.05]
βNpi (%) 95 [55–65] 0.0006 [5–15]
βNη (%) 4 [0.23 ± 0.04] 12 [0.0± 1.0]
βNpipi (%) 0.02 [40–50] 88 [85–95]
ues, which points to the ambiguity of the fit results if one
relies solely on differential cross-section data. Shown in
Fig. 8(b) is the result obtained by using pure pseudovec-
tor coupling (λ = 0) as in Fig. 7 while in Fig. 8(c), pure
pseudoscalar coupling (λ = 1) is adopted. The corre-
sponding NNη coupling constants are gNNη = 1.62 and
1.38, respectively. As can be seen in Figs. 8(b) and (c),
in these cases the nucleonic current contribution at back-
ward angles is as large as that of the mesonic current at
forward angles. However, the D13 resonance contribu-
tion exhibits an angular dependence similar to that of
the nucleonic current with a comparable magnitude and
interferes destructively with the nucleonic current. The
destructive interference is almost complete and results in
very small cross sections at backward angles as observed
in the data. Overall, everything else being very similar
between Figs. 8(b) and (c), we find no real sensitivity
of the differential cross sections at these energies as to
whether pseudovector or pseudoscalar couplings are em-
ployed.
The situation changes when one considers spin observ-
ables. While there is no real difference at lower energies,
at the high energies (Tγ = 2700 ∼ 2887 MeV) consid-
ered here, the beam asymmetry Σ shown in Fig. 9(a)
can distinguish clearly between the parameter sets corre-
sponding to Fig. 8(a) on the one hand and Figs. 8(b) and
(c) on the other. The marked differences are due to the
marked differences in the values for the NNη coupling
constant gNNη, which is vanishingly small (gNNη = 0.07)
for the set corresponding to Fig. 8(a) and much larger
(and about the same, gNNη = 1.62 and gNNη = 1.38,
respectively) for Figs. 8(b) and (c). This finding shows
that the beam asymmetry at higher energies can impose
more stringent constraints, in particular, on the NNη
coupling constant. In any case, judging from the results
in the present investigation, we expect the upper limit of
the NNη coupling constant to be not much larger than
gNNη ≈ 1.7.
These parameter sets also lead to noticeable differences
— albeit not quite as large — for the target asymmetry
T , as shown in Fig. 9(b). Of particular importance, how-
ever, is that this observable may distinguish between the
use of the pseudoscalar or the pseudovector coupling at
the NNη vertex, which the results of Figs. 8(b) and (c)
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FIG. 5: (Color online) Same as Fig. 4 but for model (B), i.e., with the fitted parameter set of Table II.
and the respective curves of Fig. 9(a) cannot do. Of
course, one should keep in mind that the target asymme-
try can be more sensitive to the effects of the FSI than
the beam asymmetry does, as Eq.(4) indicates. There-
fore, one should be cautious in drawing strong conclu-
sions from the present results, which do not account for
11
TABLE III: The parameter set for model (C), where the P13(1720) resonance is added to see whether it further improves the
fit. No NN → NNη data were used for this fit.
Nucleonic current:
(gNNη , λ) (0.003, 0.0)
Mesonic current:
Λ∗v (MeV) 1162
N11 current: S11(1535) PDG S11(1650) PDG
MR (MeV) 1539 [1525–1545] 1617 [1645–1670]
g
(1)
RNγ 1.01 0.58
(gRNpi , λ) (0.64, 0.008) (0.42, 0.28)
(gRNη , λ) (2.70, 0.36) (−1.11, 0.62)
ΓR (MeV) 200 [125–175] 144 [145–185]
γNγ (%) 0.28 [0.15–0.35] 0.16 [0.04–0.18]
βNpi (%) 30 [35–55] 19 [60–95]
βNη (%) 69 [45–60] 55 [3–10]
βNpipi (%) 0.72 [1–10] 25 [10–20]
N13 current: D13(1520) PDG D13(1700) PDG P13(1720) PDG
MR (MeV) 1520 [1515–1525] 1700 [1650–1750] 1720 [1700–1750]
(g
(1)
RNγ , g
(2)
RNγ) (1.45, −0.14) (0.01, 0.48) (0.42, 1.44)
gRNpi −2.01 0.84 0.42
gRNη −2.60 −2.64 0.74
ΓR (MeV) 114 [100–125] 126 [50–150] 192 [150–300]
γNγ (%) 0.005 [0.46–0.56] 0.05 [0.01–0.05] 0.12 [0.003–0.01]
βNpi (%) 95 [55–65] 44 [5–15] 95 [10–20]
βNη (%) 4 [0.23 ± 0.04] 1.55 [0.0 ± 1.0] 2.69 [4.0 ± 1.0]
βNpipi (%) 0.02 [40–50] 55 [85–95] 2.19 [> 70]
the FSI explicitly.
Before closing this subsection, we remark that, quite
recently, the authors of Ref. 12 addressed the issue of
chiral symmetry in η-meson photoproduction through
the pseudoscalar-pseudovectormixing parameter λ at the
NNη vertex by investigating this reaction close to the
threshold. Our study reveals that one must be care-
ful with such an investigation for the reasons mentioned
above. In particular, if the NNη coupling constant turns
out to be very small, it will be very difficult to determine
the value of the mixing parameter λ.
We also note that in Ref. 58 an alternative way of
extracting the NNη coupling is discussed, where, in con-
trast to the present work, one makes use of the cross
section data at very low energies. There, the assumption
is made that all the η production mechanisms are known,
except for the nucleonic current. The extracted value of
gNNη is consistent with the present findings.
C. pi−p→ nη
In this subsection, we discuss the π−p → nη reaction
with the parameter sets determined above. The results
for the total and the differential cross sections for the re-
action π−p→ nη corresponding to the parameter sets of
Tables I and II are displayed in Figs. 10(a) and (b) and
in Figs. 10(c) and (d), respectively. The cross-section re-
sults show that the various dynamical contributions of
the two sets are very similar. The total cross section is
rather well reproduced up to W ≈ 1.6 GeV, where it
is dominated by the S11 resonances, especially, by the
S11(1535) resonance. Here, both the nucleonic and the
mesonic currents yield very small contributions. How-
ever, we do not reproduce the total cross section at higher
energies due to the absence of the higher-mass resonances
in these parameter sets and the absence of the Nππ con-
tribution via the coupled channel [32, 34] in this model.
For differential cross sections, we again note that these
parameter sets are unable to reproduce the structure ex-
hibited by the data at higher energies.
As we have shown before, the inclusion of the
P13(1720) does not improve the results for the γp → pη
reaction significantly. However, this resonance provides
an important contribution to reproduce the structure ex-
hibited by the differential cross section data in π−p →
nη. This is illustrated in Fig. 11 corresponding to the pa-
rameter set of Table III. In addition, the P13(1720) reso-
nance also helps improve, to some extent, the fit quality
for the total cross section at energies aboveW ≈ 1.6 GeV,
corroborating the finding of Ref. 34.
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FIG. 6: (Color online) Same as Fig. 4, but for model (C), i.e., with the parameter set of Table III.
Figure 12 shows an alternative fit for the total and
the differential cross sections by using the same set of
resonances as those of Fig. 11 plus P11(1710). The corre-
sponding fit results for photoproduction are of compara-
ble quality to those shown in Sec. III A. As one can see
from Fig. 12(a), the small bump nearW = 1.7 GeV in the
13
TABLE IV: Same as Table I. The parameter set for model (D). Here, more resonances are added here to see whether they
would further improve the fit. Here we have considered only the γp→ pη reaction in the fitting procedure.
Nucleonic current:
(gNNη , λ) (0.07, 0.0)
Mesonic current:
Λ∗v (MeV) 1113
N11 current: S11(1535) PDG S11(1650) PDG P11(1710) PDG
MR (MeV) 1521 [1525–1545] 1632 [1645–1670] 1710 [1680–1740]
(g
(1)
RNγgRNη , λ) (1.22, 0.33) (−0.49, 1.00) (−0.63, 1.00)
ΓR (MeV) 110 [125–175] 174 [145–185] 250 [50–250]
γNγ (%) 0.26 [0.15–0.35] 0.06 [0.04–0.18] 0.01 [0.002–0.05]
βNpi (%) 30 [35–55] 18 [60–95] 81 [10–20]
βNη (%) 65 [45–60] 26 [3–10] 19 [6.2± 1.0]
βNpipi (%) 5 [1–10] 56 [10–20] 0.3 [40–90]
N13 current: P13(1720) PDG D13(1520) PDG D13(1700) PDG
MR (MeV) 1720 [1700–1750] 1520 [1515–1525] 1700 [1650–1750]
g
(1)
RNγgRNη −0.85 0.22 0.37
g
(2)
RNγgRNη 1.60 −10.32 −2.89
ΓR (MeV) 184 [150–300] 136 [100–125] 135 [50–150]
γNγ (%) 0.12 [0.003–0.01] 0.10 [0.46–0.56] 0.54 [0.01–0.05]
βNpi (%) 95 [10–20] 76 [55–65] 60 [5–15]
βNη (%) 5 [4.0± 1.0] 0.04 [0.23 ± 0.04] 4 [0.0± 1.0]
βNpipi (%) 0.04 [> 70] 24 [40–50] 36 [85–95]
N15 current: D15(1675) PDG F15(1680) PDG
MR (MeV) 1675 [1670–1680] 1680 [1680–1690]
g
(1)
RNγgRNη 3.77 0.44
g
(2)
RNγgRNη 14.12 −0.90
ΓR (MeV) 171 [130–165] 139 [120–140]
γNγ (%) 0.02 [0.004–0.022] 0.25 [0.21–0.32]
βNpi (%) 45 [35–45] 65 [65–70]
βNη (%) 2 [0.0± 1.0] 0.0001 [0.0 ± 1.0]
βNpipi (%) 53 [50–60] 35 [30–40]
spin-1/2 resonance contribution (dashed line) is caused
by the P11(1710) resonance, which makes the bump in
the total contribution (solid line) more pronounced com-
pared to the result of Fig. 11(a). The P11(1710) reso-
nance seems also to affect the differential cross section in
the vicinity of W = 1670 MeV, improving the agreement
with the data to some extent. It is interesting to note that
the chiral constituent quark-model calculation of Ref. 37
shows a dominant contribution from the P11(1710) reso-
nance at an energy aroundW = 1700 MeV, in contrast to
the present approach, where the dominant contribution
arises from the spin-3/2 resonances. However, the au-
thors of Ref. 37 have also found that the agreement with
the measured differential cross sections in theW = 1609–
1670 MeV energy range can be improved if the sign of
their P11(1710) partial wave amplitude is reversed and if
they employ a larger total decay width of ΓR ∼ 350 MeV.
The effect of the P11(1710) resonance is, then, very sim-
ilar to that found in the present calculation. We note
that the total decay width of the P11(1710) resonance in
Fig. 12 is ΓR = 95 MeV.
The π−p → ηn reaction has been also investigated
in Ref. 38 within a coupled-channel approach. There,
the role of the P -wave resonances – in particular of the
P11(1440) and P13(1720) – in the differential cross sec-
tions has been studied. The former resonance has not
been considered in the present work.
D. NN →NNη
In this subsection, we turn our attention to the
NN → NNη reaction. Although the model calculation
of Ref. 28, which is based on a strong P -wave contribu-
tion, reproduces nicely the shape of the measured pp in-
variant mass distributions, it largely underestimates the
total cross section data near the threshold. Here, we
present new results based on a combined analysis of the
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FIG. 7: (Color online) Same as Fig. 4, but for model (D), i.e., with the parameter set of Table IV.
reactions listed in Eq. (1).
Shown in Fig. 13 are the results for the NN → NNη
reaction corresponding to the parameter set of Table I. It
can be seen that the present model reproduces rather rea-
sonably all the considered data for this reaction, includ-
ing the energy dependence of the total cross sections at
15
-1.0 -0.5 0.0 0.5
cos(θη )
0.0
0.1
0.2
0.3
0.4
dσ
/d
Ω
 
(µb
/s
r)
NUC
MEC
D13
Total
γ p → p η
-1.0 -0.5 0.0 0.5 1.0
cos(θη )
γ p → p η
2700 2887
(a)
-1.0 -0.5 0.0 0.5
cos(θη )
0.0
0.1
0.2
0.3
0.4
dσ
/d
Ω
 
(µb
/s
r)
NUC
MEC
D13
N15
Total
γ p → p η
-1.0 -0.5 0.0 0.5 1.0
cos(θη )
γ p → p η
2700 2887
(b)
-1.0 -0.5 0.0 0.5
cos(θη )
0.0
0.1
0.2
0.3
0.4
dσ
/d
Ω
 
(µb
/s
r)
γ p → p η
-1.0 -0.5 0.0 0.5 1.0
cos(θη )
NUC
MEC
D13
N15
Total
γ p → p η
2700 2887
(c)
FIG. 8: (Color online) η-meson angular distributions in the
center-of-mass frame in γp → pη at Tγ = 2700 MeV and
2887 MeV. (a) The results corresponding to the parameter
set of Table IV, with gNNη = 0.07. (b,c) The results ob-
tained with two other parameter sets (not given in this work)
using the pseudovector (λ = 0) and the pseudoscalar (λ = 1)
coupling choices, respectively, at the NNη vertex. The re-
sulting NNη coupling constant values are gNNη = 1.62 and
1.38, respectively. The contributions from the other nucleon
resonances are practically negligible at these energies and are
not displayed. N15 is the sum of spin-5/2 resonance contri-
butions. The data are from Crede´ et al. [1].
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FIG. 9: (Color online) (a) Beam asymmetry Σ and (b) target
asymmetry T in γp → pη at Tγ = 2700 MeV and 2887 MeV
as functions of η-emission angle in the center-of-mass frame.
The solid curves represent the results obtained with the pa-
rameter set of Table IV, which correspond to Fig. 8(a). The
dashed and the dash-dotted curves are obtained with the two
other parameter sets that correspond to Figs. 8(b) and (c),
respectively.
lower energies. This is a considerable improvement over
the results of Ref. 28. However, this model still underes-
timates the total cross section in pp collisions by a factor
of∼ 1.5 when the excess energyQ is Q ≤ 10 MeV. We ex-
pect the inclusion of pη FSI and possibly the three-body
effects to resolve this discrepancy once they are properly
taken into account. Here, the major difference of our re-
sults from those of the previous calculation of Ref. 28 is
that we have a much stronger spin-3/2 resonance contri-
bution to the cross sections, especially at lower energies.
This is due to the large coupling of the D13 resonances
to the ρ and the ω vector mesons, resulting from the
global fitting procedure (cf. Table I). In contrast, the
S11 resonance contribution to the cross section is surpris-
ingly small, especially at lower energies, which is due to
the strong destructive interference among the exchanged
mesons in the excitation of S11 resonances. Note that in
the present calculation the resonance coupling constants
involving vector mesons, gRNV (V = ρ, ω), are basically
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FIG. 10: (Color online) Results for pi−p → nη corresponding to the parameter set of Table I. (a) Total cross section as a
function of the total energy of the system W . (b) η angular distribution in the center-of-mass frame. Here, N11 stands for
S11(1535)+S11(1650) contributions and N13 = D13(1520)+D13(1700) contributions. (c and d) Same as (a) and (b), but with
the parameter set of Table II. The numbers in (b) and (d) denote the total center-of-mass energy W in MeV. The labelings of
the curves in (b and d) are the same to that of (a and c). The experimental data are from Ref. 29, 30.
fixed by the NN → NNη reaction while the coupling
constants to pseudoscalar mesons, gRNP (P = π, η), are
fixed by the γp → pη and the π−p → nη reactions to
a large extent. We also found that the mesonic current
yields a very small contribution to the cross sections. The
nucleonic current contribution is also negligible because
of the very small NNη coupling constant that results
from the fit to the photoproduction data, as discussed
above.
It should be emphasized that it still remains to be ver-
ified whether the dominance of the D13 resonances dis-
cussed above is indeed true. In fact, in spite of the present
lack of information on the corresponding coupling con-
stants, g
(1,2)
RNV , the obtained values (cf. Table I) may be
too large to be realistic. For example, a rough estimate
of these coupling constants from the PDG helicity ampli-
tudes [16], in conjunction with vector-meson dominance,
yields
for R = D13(1520): g
(1)
RNω ∼ −57.3, g(2)RNω ∼ 82.3,
g
(1)
RNρ ∼ −23.9, g(2)RNρ ∼ 19.0,
(5)
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FIG. 11: (Color online) Same as Fig. 10 but with the parameter set shown in Table III. Here, N13∗ is the sum of contributions
from D13(1520), D13(1700), and P13(1720).
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FIG. 12: (Color online) Same as Fig. 11 but with another parameter set (not given here) that includes the P11(1710) resonance.
Here, N11 is the sum of contributions from S11(1535), S11(1650), and P11(1710).
and
for R = D13(1700): g
(1)
RNω ∼ −6.4, g(2)RNω ∼ 9.6,
g
(1)
RNρ ∼ −2.1, g(2)RNρ ∼ 3.0.
(6)
These values are corrected to the normalization point, at
q2 =M2V , by writing
g
(i)
RNV ≡ Γ(i)RNV (p′2 =M2R, p2 =M2N , q2 =M2V )
=
Γ
(i)
RNV (p
′2 =M2R, p
2 =M2N , q
2 = 0)
F (p′2 =M2R, p
2 =M2N , q
2 = 0)
, (7)
where Γ
(i)
RNV is the effective hadronic coupling function,
which includes the form factor F given by Eq. (A.17).
We emphasize in this context that these coupling con-
stants cannot be determined uniquely in the present anal-
ysis. Indeed, as shown in Fig. 14, a scenario in which
the S11 resonance dominates over the D13 resonance
current can be achieved. Therefore, the consistency of
these coupling constant values with other independent
reaction processes should be examined in detail. For
this purpose, vector-meson production processes, such
as NN → NNV , πN → NV and γN → NV , are of
particular interest [55].
In Ref. 22, where the dominant η-production mecha-
nism is the excitation of the S11(1535) resonance via the
pion-exchange, the analyzing power Ay exhibits a zero at
cos(θη) ∼ 0. In the present calculation, where the dom-
inant production mechanism is the D13 resonance exci-
tation, the zero of Ay is shifted toward backward angles
at larger Q. As has been pointed out in Ref. 22, unlike
the total and the differential cross sections, the analyz-
ing power is very sensitive to the reaction dynamics. In
fact, the dashed curves in Fig. 13 for Ay represent the re-
sults of another parameter set (not given here) that yields
practically the same results for the other observables con-
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FIG. 13: (Color online) Results for the reaction NN → NNη with the parameter set of Table I. (a) Total cross section as
functions of the excess energy Q in pp and pn collisions. (b) η angular distribution in the overall center-of-mass frame. (c) Final
proton angular distribution. (d) pp invariant-mass distribution. (e) pη invariant-mass distribution. (f) Analyzing power. In (f),
only the total contributions are shown (solid curves); the dashed curves represent the correspond results of another parameter
set (not given in this work) which yields practically the same results for other observables considered in this reaction. The
labelings of the curves in (b, c, d, and e) are the same as in (a). The data are from Refs. 17–19, 21.
sidered here (see also the results shown in Fig. 14 below).
Unfortunately, the data are not accurate enough to dis-
entangle these different scenarios. More accurate data
will, therefore, impose more stringent constraints so as
to help distinguish different dynamics of η production in
NN collisions.
The results corresponding to the parameter set of Ta-
ble II are shown in Fig. 14. They are of comparable
fit quality to those in Fig. 13 overall. However, the dy-
namical content is quite different. In this case, the S11
resonance dominates over the D13 resonance contribu-
tions to the cross sections. Unlike the results shown in
Fig. 13, there is no strong destructive interference among
the exchanged meson contributions to excite the interme-
diate S11 resonances. Of course, the smallness of the D13
resonance contributions is directly correlated to the very
small constants for the coupling of the D13 resonances
to vector mesons (cf. Table II). The analyzing power
for this parameter set at Q = 40 MeV exhibits a qual-
itatively different behavior from that found in Fig. 13,
again, the quality of the current experimental data does
not allow any definite conclusion to be drawn.
It should be emphasized that the much larger differ-
ence in the dynamics in NN → NNη between the two
parameter sets considered above as compared to those
in γp → pη and π−p → nη stems from the much richer
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FIG. 14: (Color online) Same as Fig. 13 but for the parameter set of Table II.
interference effects in the former reaction. In particu-
lar, note that, for each meson M exchanged (π, η, ρ, ω),
there are two coupling vertices involved in the nucleon
resonance currents (i.e., RNM and NNM , as shown
in Fig. 3). This allows for an interference among all
the exchange mesons involving the RNM coupling con-
stants, a feature that is absent in the other two reactions.
Therefore, the meson-production reactions in NN colli-
sions, in conjunction with other basic photon- and (two-
body) hadron-induced reactions, should help in extract-
ing the resonance parameters to a large extent. In partic-
ular, adding the vector meson (V ) production channels,
NN → NNV , πN → NV and γN → NV , to the list of
reactions given in Eq. (1), should impose more stringent
constraints on the resonance coupling constants.
Finally, Fig. 15 shows predictions using the parameter
sets of Tables I and II for the invariant-mass distributions
for pp and pη at the excess energy of Q = 74 MeV. The
results are compared with the recent CELSIUS-WASA
data [20] measured at Q = 72 MeV. Note that these
data have not been included in the present fit. We see
that, while the pp invariant mass distribution is well re-
produced except in the smallmpp region, the pη invariant
mass distribution shows big differences between the pre-
diction of the present model and the measured data, in-
dicating a deficiency in the model. Note that the present
model does not account for the ηN FSI. Further investi-
gation is required to identify the origin of the discrepan-
cies in both the pp and the pη invariant mass distribu-
tions.
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FIG. 15: (Color online) Predictions for the invariant-mass
distributions dσ/dm2px for pp (x = p) and pη (x = η) in
the reaction pp → ppη corresponding to the excess energy of
Q = 74 MeV for the parameter sets of Tables I (solid line) and
II (dashed line). Data are from Ref. 20 measured at Q = 72
MeV. They have not been included in the fitting procedure.
IV. SUMMARY
In the present work, a combined analysis of the re-
actions γp → pη, π−p → nη, pp → ppη, and pn → pnη
has been carried out within a relativistic meson-exchange
model of hadronic interactions. Both the γp → pη and
the π−p → nη reactions have been treated in the tree-
level approximation with the former reaction containing a
generalized contact current that ensures gauge invariance
of the reaction amplitude. The NN → NNη reaction
has been treated in the DWBA approximation with the
explicit treatment of the NN ISI and FSI. The free pa-
rameters of the model, especially the nucleon resonance
parameters, are then fixed in a global fitting procedure.
Overall, the photoproduction data can be described
reasonably well with the inclusion of the well-established
S11(1535), S11(1650), D13(1520), and D13(1700) reso-
nances as the minimally required set of resonances to
achieve a reasonable fit to the currently available data.
The inclusion of additional well-known resonances in the
same mass region [including the spin-5/2 D15(1675) and
F15(1680) resonances] does not further improve the qual-
ity of the overall description of the data. The measured
angular distributions at higher energies and backward
angles are compatible with a vanishing NNη coupling
constant. However, in order to extract this coupling con-
stant unambiguously within an approach of the type pur-
sued here, one needs to go beyond the resonance region
to avoid possible interference effects. On the other hand,
as we have seen in the results of Fig. 9, the beam asym-
metry can impose constraints on the NNη coupling con-
stant that are much more stringent than the differential
cross sections because of the interference between the nu-
cleonic and the resonance currents. One difficulty of the
present calculation is to reproduce the sin(2θη) depen-
dence exhibited by the measured target asymmetry near
threshold, and this shows that further investigations are
necessary to understand better the production mecha-
nism of this reaction.
Our model can also explain the available data on
π−p → nη reasonably well, at least for energies not too
far from the threshold. At higher energies the total cross
section is underestimated due to the lack of the Nππ
contribution via the coupled channel.
Our model also describes the NN → NNη reaction
data rather well. The problem of the underestimation
of the total cross section near threshold [28] has been
cured to a large extent in the present approach. How-
ever, we emphasize that the scenario of strong coupling
of the D13 resonance to the NV channels (V = ρ, ω) still
remains to be verified, for the RNV couplings cannot be
fixed unambiguously in the present study. In this con-
nection, vector meson production reactions, such as the
γN → NV , πN → NV , NN → NNV , should be in-
vestigated. We also verified that the analyzing power is
sensitive to the reaction dynamics. Unfortunately, how-
ever, the currently available data are not accurate enough
to unambiguously distinguish different dynamical contri-
butions.
As we have illustrated with some selected examples,
the present approach is unable to determine a unique
set of (resonance) parameter values. In fact, it was
shown that different parameter sets that describe the
data equally well lead to results that exhibit quite dif-
ferent reaction dynamics. This is especially true for the
NN → NNη reaction, where we found quite different
values of the RNV coupling constants. As mentioned
above, the inclusion of vector-meson production reactions
into the combined analysis should help constrain those
coupling constants. Consequently, our study reveals that
one must be cautious in interpreting the resonance pa-
rameters extracted from these kinds of analyses, espe-
cially, if only a single reaction process is considered. It is
clear that in order to extract more accurate information
on the nucleon resonances, one must combine the inves-
tigation of hadron-induced meson production with the
corresponding photon-induced reactions. To help in this,
ample data sets are now available for photo- and electro-
production processes from various accelerator facilities,
including the Thomas Jefferson National Accelerator Fa-
cility, SPring-8, CB/ELSA, GRAAL, etc. By contrast,
data for hadron-induced production processes are much
more limited, and we clearly need more of them.
In this connection, we note that the progress in the
study of meson-production processes in NN collisions,
both experimentally and theoretically, has reached such a
level that it allows us to address certain concrete physics
issues, especially, when they are investigated in conjunc-
tion with other independent reactions. This has been
illustrated in the present work for the specific case of
η production, where some information on nucleon reso-
21
nances can be extracted. In particular, the consideration
of meson-production processes in NN collisions, in con-
junction with photon- and (two-body) hadron-induced
reactions aimed at a resonance parameters extraction,
should help impose more stringent constraints on these
parameters. As pointed out in the last subsection, me-
son production in NN collisions exhibits much richer in-
terference effects, a feature that is absent in more basic
two-body reactions. Furthermore, the inclusion of this
reaction in the resonance-parameter extraction is espe-
cially relevant because the existing data for meson pro-
duction (other than for the pion) in two-body hadronic
reactions are rather scarce and of relatively low accu-
racy. Currently, there exist only very limited efforts to
improve or extend the corresponding database [30]. On
the other hand, the available data on meson production
in NN collisions are much more accurate; moreover, the
corresponding database can be and is being expanded,
especially at the COSY facility.
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Appendix
In this Appendix, we give the ingredients that de-
fine our models described in Sec. II. Throughout this
paper, we use the notation N and R for the nucleon
and the nucleon resonance fields, respectively; MB de-
notes the mass of the baryon B (= N,R). We also
use S (= σ,~a0), P (= η, ~π), and Vµ (= ωµ, ~ρµ) to de-
note the scalar, pseudoscalar, and vector meson fields,
respectively. The vector notation refers to the isospin
space. For isovector mesons, S ≡ ~S · ~τ , P ≡ ~P · ~τ , and
Vµ ≡ ~Vµ ·~τ . The mass of the mesonM is denoted byMM
(M = S, P, V ). The photon field is denoted by Aµ. We
define V µν ≡ ∂µV ν − ∂νV µ and Fµν ≡ ∂µAν − ∂νAµ.
We use the superscript jP in the Lagrangian densi-
ties (L(jP )) involving the nucleon resonance R to denote
the spin-parity jP of that resonance. Furthermore, for
convenience, we define
Γ(+) ≡ γ5 and Γ(−) ≡ 1 . (A.1)
1. Hadronic Interaction Lagrangians
The following interaction Lagrangian densities describe
the hadronic vertices. The Lagrangians for meson-
nucleon interactions are
LNNS = gNNS N¯NS, (A.2)
LNNP = −gNNP N¯
{
Γ(+)
[
iλ+
1− λ
2MN
∂/
]
P
}
N, (A.3)
LNNV = −gNNV N¯
{[
γµ − κV
σµν∂ν
2MN
]
Vµ
}
N, (A.4)
where the parameter λ was introduced in LNNP to inter-
polate between the pseudovector (λ = 0) and the pseu-
doscalar (λ = 1) couplings. We use the meson-nucleon-
nucleon coupling constants in the above Lagrangians as
in Ref. 22: namely, gNNω = 17.47, κω = 0, gNNρ = 3.36,
κρ = 6.1, and gNNa
0
= 5.59.
The effective Lagrangians describing the interactions of the nucleon resonance with the nucleon and the pseudoscalar
meson P or vector meson V read
L(
1
2
±)
RNP = ∓gRNP R¯
{
Γ(±)
[
iλ+
1− λ
MR ±MN ∂/
]
P
}
N + H. c., (A.5)
L(
1
2
±)
RNV = −
1
2MN
R¯Γ(∓)
{[
gRNV
(
γµ∂
2
MR ∓MN − i∂µ
)
− fRNV σµν∂ν
]
V µ
}
N + H. c., (A.6)
for a resonance of spin- 12 . The Lagrangian in Eq. (A.5) contains the pseudoscalar-pseudovector mixing parameter λ,
similar to Eq. (A.3). For spin- 32 resonances, we use
L(
3
2
±)
RNP =
gRNP
MP
R¯µΘµν(z)Γ
(±)(∂νP )N + H. c., (A.7)
L(
3
2
±)
RNV = −i
g
(1)
RNV
2MN
R¯βΘβµΓ
(±)γνV
µνN − g
(2)
RNV
4M2N
R¯βΘβµΓ
(±)V µν∂νN ∓ g
(3)
RNV
4M2N
R¯βΘβµΓ
(±) (∂νV
µν)N + H. c., (A.8)
where the coupling tensor is Θµν = gµν − (z + 12 )γµγν and we take the off-shell parameter z = − 12 for simplicity. For
the interaction Lagrangians of spin- 52 resonances, we use
L(
5
2
±)
RNP = i
gRNP
M2P
N¯Γ(±) (∂µ∂νP )Rµν + H. c., (A.9)
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L( 52
±)
RNV =
g
(1)
RNV
(2MN)2
N¯γνΓ
(∓) (∂αV µν)Rµα − i g
(2)
RNV
(2MN)3
(∂νN¯)Γ
(∓) (∂αV µν)Rµα + i
g
(3)
RNV
(2MN)3
N¯Γ(∓) (∂α∂νV
µν)Rµα
+ H. c., (A.10)
The hadronic interaction Lagrangians among mesons
are
Lρρη = −
gρρη
2Mρ
εαβνµ(∂
α~ρβ) · (∂ν~ρµ)η , (A.11a)
Lωωη = −
gωωη
2Mω
εαβνµ(∂
αωβ)(∂νωµ)η , (A.11b)
Lpiηa
0
=
gpiηa
0√
MpiMη
(∂µη)(∂
µ~π) · ~a0 , (A.11c)
with the convention ε0123 = −1 for the Levi-Civita anti-
symmetric tensor. We follow Refs. 22 and 41 for the cou-
pling constant values at the NNM vertices above, except
for the coupling constant gNNη, which is treated as a free
parameter in the present work. The coupling constants
of the RNM interaction Lagrangians, as well as the res-
onance masses MR, are free parameters to be adjusted
to reproduce the data. For the other coupling constants,
following Ref. 22, we use gηρρ = 4.94, gηωω = 4.84, and
gηpia0 = 1.81.
2. Electromagnetic Interaction Lagrangians
The electromagnetic vertices are calculated from the
Lagrangian densities given below. The electromagnetic
interaction of the nucleon reads
LNNγ = −eN¯
{[
eˆγµ − κˆσ
µν∂ν
2MN
]
Aµ
}
N, (A.12)
where e stands for the elementary charge unit, and eˆ ≡
(1 + τ3)/2 and κˆ ≡ κp(1+ τ3)/2+ κn(1− τ3)/2, with the
anomalous magnetic moments κp = 1.739 for the proton
and κn = −1.931 for the neutron.
The photo-transition Lagrangians of resonances into the nucleon are
L(
1
2
±)
RNγ = e
g
(1)
RNγ
2MN
R¯Γ(∓)σµν∂
νAµN + H. c., (A.13)
L(
3
2
±)
RNγ = −ie
g
(1)
RNγ
2MN
R¯βΘβµΓ
(±)γνF
µνN − eg
(2)
RNγ
4M2N
R¯βΘβµΓ
(±)Fµν∂νN + H. c., (A.14)
L(
5
2
±)
RNγ = e
g
(1)
RNγ
(2MN)2
N¯γνΓ
(∓) (∂αFµν)Rµα − ie
g
(2)
RNγ
(2MN)3
(∂νN¯)Γ
(∓) (∂αFµν)Rµα + H. c., (A.15)
and the photo-transition Lagrangian between mesons are
Lηργ = −e
gηργ
Mρ
εαβνµ(∂
αρβ0 )(∂
νAµ)η, (A.16a)
Lηωγ = −e
gηωγ
Mω
εαβνµ(∂
αωβ)(∂νAµ)η. (A.16b)
The electromagnetic coupling constants involving nu-
cleon resonances in the above Lagrangians are free pa-
rameters to be adjusted to fit the pertinent experimen-
tal data. The coupling constants gηvγ (v = ρ, ω) in the
above equations are determined from a systematic anal-
ysis of the pseudoscalar and the vector meson radiative
decays [22, 56]. That analysis leads to gηργ = 1.44 and
gηωγ = 0.47. Their signs are inferred also from SU(3) fla-
vor symmetry considerations in conjunction with the sign
of the coupling constant gpiV γ determined from a study
of pion photoproduction in the 1 GeV energy region [57].
3. Form Factors
Each vertex obtained from the interaction Lagrangians
given above is multiplied by a phenomenological cutoff
function
F (p′2, p2, q2) = FB(p
′2)FB(p
2)FM (q
2), (A.17)
where p′ and p denote the four-momenta of the two
baryons, and q is the four-momentum of the meson at
the three-point vertex. Here, we use
FB(x) =
Λ4B
Λ4B + (x−M2B)2
, (A.18)
where the cutoff ΛB = 1200 MeV is taken to be the same
for all the baryons, and FM (q
2) is given by
FM (q
2) =
(
Λ2M −M2M
Λ2M − q2
)n
, (A.19)
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with n = 1 for a scalar or a pseudoscalar meson and
n = 2 for a vector meson. The values of ΛM are taken to
be the same as those used in Ref. 22.
The electromagnetic ηvγ vertex is multiplied by the
form factor Gv(q
2), which describes the off-shell behav-
ior of the intermediate vector meson with squared mo-
mentum transfer q2 (cf. the fourth diagram in Fig. 1). In
general, we use the dipole form
Gv(q
2) =
(
Λ∗2v
Λ∗2v − q2
)2
, (A.20)
where the cutoff Λ∗v, taken to be the same for both ρ and
ω, is a free parameter.
4. Propagators
The calculation of the Feynman diagrams displayed in
Figs. 1, 2, and 3 requires the corresponding baryon and
meson propagators, whose explicit forms are given here:
S(p) =
1
p/−MN + iǫ , (A.21)
∆(q2) =
1
q2 −M2M + iǫ
, (A.22)
Dµν(q) =
−gµν + qµqν/M2V
q2 −M2V + iǫ
, (A.23)
where S(p) is the nucleon propagator with the nucleon
four-momentum p, ∆(q2) is the scalar or pseudoscalar
meson propagator with four-momentum q, and Dµν(q) is
the vector meson propagator. For a spin-1/2 resonance
propagator, we use the ansatz
S1/2(p) =
1
p/−MR + i2Γ
=
p/ +MR
p2 −M2R + i2 (p/ +MR)Γ
, (A.24)
where Γ is the energy dependent resonance width. For
spin-3/2, the resonant propagator reads in a schematic
matrix notation,
S3/2(p) =
[
(p/ −MR)g − i∆
2
Γ
]−1
∆ , (A.25)
where all indices are suppressed; i.e., g is the metric ten-
sor and ∆ is the Rarita-Schwinger tensor written in full
detail as
∆µνβα = −gµνδβα+
1
3
γµβεγ
ν
εα+
2pµpν
3M2R
δβα+
γµβαp
ν − pµγνβα
3MR
,
(A.26)
where α, β, and ε enumerate the four indices of the γ-
matrix components (summation over ε is implied). The
inversion in Eq. (A.25) is to be understood on the full
16-dimensional space of the four Lorentz indices and the
four components of the gamma matrices. The motivation
for the ansatz in Eq. (A.25) and the technical details on
how to perform this inversion are given in Ref. 41.
Similarly, the propagator for a spin-5/2 resonance is
given by
S5/2(p) =
[
(p/−MR)g − iG
2
Γ
]−1
G. (A.27)
where
G ≡ Gµν;ρτβα =
[
1
2
(g¯µρg¯ντ + g¯µτ g¯νρ)− 1
5
g¯µν g¯ρτ
]
δβα
− 1
10
(
g¯µργ¯νβεγ¯
τ
εα + g¯
µτ γ¯νβεγ¯
ρ
εα + g¯
νργ¯µβεγ¯
τ
εα + g¯
ντ γ¯µβεγ¯
ρ
εα
)
,
(A.28)
with
g¯µν ≡ gµν − p
µpν
M2R
, γ¯µ ≡ γµ − p
µp/
M2R
. (A.29)
The above spin-5/2 propagator is a variant of the one
given in Ref. 59.
We write the resonance width Γ as a function of W =√
s according to
Γ(W ) = ΓR

 N∑
i=1
βiΓˆi(W ) +
Nγ∑
j=1
γjΓˆγj (W )

 , (A.30)
where the sums over i and j, respectively, account for
decays of the resonance into N and two- or three-hadron
channels and into Nγ radiative decay channels. The total
static resonance width is denoted by ΓR, and the numer-
ical factors βi and γj (with 0 ≤ βi, γj ≤ 1) describe the
branching ratios into the corresponding decay channel;
i.e.,
N∑
i=1
βi +
Nγ∑
j=1
γj = 1. (A.31)
We parametrize the width functions Γˆi and Γˆγ
j
(which
are both normalized to 1 atW =MR) as given in Ref. 41
to provide the correct respective threshold behaviors.
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